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Abstract
We examine the characteristics (amplitude and phase) of the temporal variation in the
rates of global-mean surface temperature change during the past millennium. The
study was conducted by applying 20-, 30-, and 50-yr sliding windows to the observa-
tions of recent century and reconstructions of earlier times. The analysis focuses on 5
the characteristics of the 20th century within the context of the millennium as well as
their sensitivity to the low frequency variability of sea surface temperature (SST) and
time scales. On 20-yr time scale, comparable rates to that of the 20th century in both
amplitude and phase occur in earlier nine centuries. The peak in the amplitude of rates
in the 20th century on 30-yr time scale, although is not the largest during the past 10
millennium, but is the most persistent. On 50-yr time scale, the 20th century warming
rates are the highest and the most persistent during the past millennium. The results
also indicate that although the SST variability does not aﬀect much the amplitude of
the rates, but the phases is quite diﬀerent, thus highlighting the importance of the role
of oceans in aﬀecting the rates. We also analyzed the characteristics from global cli- 15
mate model (1000–1999 AD) simulations with diﬀerent climate (solar, volcanic, and
greenhouse gases) forcing. Except for the one driven by the solar forcing, other forcing
simulates similar amplitudes as the observed ones. However, only greenhouse gases
(GHG) forcing can reproduce the persistent high warming rates of the 20th century.
1 Introduction 20
Observational global mean surface temperature shows that the rate of warming aver-
aged over the last 50 yr (0.13±0.03
◦C per decade) is nearly twice that for the last
100 yr (Solomon et al., 2007). However, the warming of the 20th century global mean
surface temperature has not been monotonic. Temperatures reached a relative max-
imum around 1940, cooled until the mid 1970s, and have warmed from that point to 25
the present (Solomon et al., 2007; Swanson et al., 2009). Given on a uniform time
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scale, similar warming rate to that of the last 50 yr might occur in the early 20th cen-
tury. Therefore, it is diﬃcult to assess how unusual the warming rate for the last 50 yr
is in the context of millennium without using a uniform time scale in the computation
of temperature change rates. Rates of global temperature calculated on uniform time
scales are thus essential for assessing this issue. 5
On the other hand, observational and modeled data show that the long-term internal
variability in SST might contribute to the warming of the 20th century global mean sur-
face temperature over multiple decades (Delworth and Knutson, 2000; Hansen et al.,
2005; Knight et al., 2005; Swanson et al., 2009; Delsole et al., 2011). Removal of this
long-term internal variability from the global temperature is thus essential for assess- 10
ing contribution of anthropogenic forcing to the 20th century warming. Furthermore,
delineating the relative role of anthropogenic forcing, natural forcing, and long-term
internal variability in the 20th century climate change is also important for our under-
standing of the climate system (Stott et al., 2000; Broccoli et al., 2003; Meehl et al.,
2004; Solomon et al., 2007). Here we analyze the observations of recent century, re- 15
constructions of earlier times, and 1000-yr simulations to examine the characteristics
(amplitude and phase) of the rates of global-mean surface temperature change during
the past millennium.
2 Data and methods
Time series of global mean surface temperature used in this study include the obser- 20
vations of 1880–2009 (http://data.giss.nasa.gov/gistemp/tabledata/GLB.Ts+dSST.txt);
reconstruction from tree-rings, ice cores, corals, sediments, and historical data during
the last millennium (Jones et al. 1998); and four 1000-yr CCSM2.0 simulations. Those
four simulations are driven by solar, volcanic, GHG, and all forcings (Peng et al., 2009;
Shen et al., 2009). The reconstruction by Jones et al. (1998) is chosen because it is 25
only available non-ﬁlter global mean surface temperature reconstruction covering the
past millennium we can ﬁnd, although some new reconstructions have been published
(e.g. Mann et al., 2008).
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Rate of global temperature change is deﬁned here as the slope of a simple linear
trend on the climatological time scale (30 yr). It is evident that this rate is time-scale-
dependent quantity. In order to reveal the temporal variations of rates for evaluating
how unusual the warming rates over the last 50 yr is and elucidating the characteristics
(amplitude and phase) of the 20th century rates within the context of the millennium, 5
30-yr sliding window are used to construct time series on rates of observational, recon-
structed, and modeled global temperature change. To assess the sensitivity of rates to
the time scale, 20- and 50-yr sliding windows are also applied to these data.
50–80-yr oscillation is statistically signiﬁcant multidecadal signal in observational
global surface air temperature (Wu et al., 2007). This oscillation is also found in tem- 10
perature of Northern Hemisphere by Schlesinger and Ramankutty (1994) who sug-
gested that this oscillation arises from the internal variability of the ocean-atmosphere
interaction. Since 50–80-yr oscillation is the major long-term variability of the Paciﬁc
Decadal Oscillation (PDO) and Atlantic Multidecadal Oscillation (AMO) (Enﬁeld et al.,
2001; Shen et al., 2006). It thus is reasonable to assume that the origin of this multi- 15
decadal oscillation is from the long-term variability in SST. It should be noted that the
50–80-yr band just covers major part of low frequency variability in SST. To evaluate
the sensitivity of rates to the low frequency variability of SST, rates are calculated from
temperature time series maintaining and excluding the 50–80-yr oscillation. This multi-
decadal oscillation is isolated from the time series using wavelet ﬁltering (Torrence and 20
Campo, 1998).
3 Results
3.1 Rates during the observational times
Figure 1a shows the variation of global land-ocean surface temperature from 1880
to 2009. In its original temperature time series, negative anomalies occurred before 25
1937; it is followed by a short interval of 1937–1944 with positive anomalies; negative
anomalies occurred again between 1944 and 1978; temperature reached their maxima
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after 1978. 50–80-yr oscillation is statistically signiﬁcant multidecadal signal in this time
series. Its wavelet ﬁltering show that 50–80-yr oscillation accounts for 24.6% of the
total variance of this time series. As the low frequency oscillation is removed from the
original time series, the diﬀerence between cool and warm periods is not as large as
that in original time series. Furthermore, the cool period of 1950s–70s disappears in 5
the new time series.
Figure 1b–d shows rates of temperature change on 20-, 30-, and 50-yr time scales
computed from two time series maintaining and excluding the low frequency oscilla-
tion. The calculated rates are time-scale-dependent. Generally, rates vary within ±0.2,
±0.1, and ±0.05
◦C per decade on 20-, 30-, and 50-yr time scales, respectively. On the 10
climatological time scale, the time series of rates for original temperature exhibits two
peaks and two valleys. The warming rates (positive rate) higher than 0.1
◦C per decade
occur in the intervals of 1907–1949 and 1961–2009; and cooling rates (negative rate)
exist in the intervals of 1888–1927 and 1935–1972. The highest rates are witnessed in
the last 50 yr. As the low frequency oscillation is removed from the time series, rates 15
show a diﬀerent phase in temporal pattern although the rates still show two peaks and
two valleys. The highest warming rates occur in 1930s-1960s instead of the last 50
yr. Statistically, rates for two time series are signiﬁcantly diﬀerent from each other, as
suggested by the independent-samples t-test. On 20- and 50-yr time scales, the char-
acteristics in temporal evolutions of rates for two temperature time series maintaining 20
and excluding the low frequency oscillation are similar to that on the climatological time
scale. The highest warming rates occur over the last 50 yr in original temperature time
series, however, they are replaced by relatively low rates in time series excluding the
low frequency oscillation. Instead of the last 50 yr, the highest rates occur in earlier 23
yr from 1880 to 1901 on 20-yr time scale, and in 1920s–1970s on 50-yr time scale. 25
Our analyses of observational global land-ocean surface air temperature indicate
that the last 50 yr experiences the highest rates on three time scales, if the low fre-
quency oscillation is not removed from temperature time series. However, the rate
maxima in the last 50 yr disappear as the low frequency oscillation is removed.
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3.2 Rates during the last millennium
Figure 2a shows observational and reconstructed global surface air temperature. Dur-
ing their overlap time period (1880–1991), reconstructed temperature closely matches
the observational temperature in both magnitude and temporal evolution with a sig-
niﬁcant correlation, suggesting that this reconstruction is reliable. Using the same 5
technique as observational temperature, rates on three time scales during the last
millennium were computed from reconstructed temperature maintaining and excluding
low frequency oscillations (Fig. 2a and e). Although uncertainties in reconstructed tem-
perature (Jones et al., 2001) might induce somewhat uncertainties in calculated rates
of temperature change, signiﬁcant changes apparently existed in rates during the last 10
millennium.
On the climatological time scale, the amplitude of rates comparable to that in ob-
servational times also occur in earlier centuries during the past millennium no matter
whether the 50–80-yr oscillation is removed or not from reconstructed temperature time
series (Fig. 2c and g). It indicates that the 20th century warming, even the warming 15
of the last 50 yr, is not unusual in the amplitude of rates. The duration with positive
rates in reconstructed global temperature is shorter than half century. The duration
of rate peaks in 1920s–1940s and the last 50 yr are longer than that of those in ear-
lier centuries (Fig. 2c), whereas the 20th century warming, especially the warming in
1920–70s is the most persistent as the 50–80-yr oscillation is removed from tempera- 20
ture time series (Fig. 2g). On 20-yr time scale, larger rates than that in observational
times occurred before 1880, no matter whether the 50–80-yr oscillation is removed
or not (Fig. 2b and f). There exist a lot of intervals with rates equal to or larger than
that of the recent 50 yr. This implies that the rates of the 20th century, even the last
50 yr are not distinct from those before observational times in the context of the last 25
millennium on this time scale. On 50-yr time scale, the highest rates over the last 50
yr stand out if the 50–80-yr oscillation is not removed from temperature time series
(Fig. 2d). However, the rates over the last 50 yr are not distinct from those before
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the observational times if the 50–80-yr oscillation is removed (Fig. 2h), and the rate
maxima occurred in 1920s–70s instead of the last 50 yr. On the other hand, the 20th
century as a whole experienced the most persistent and highest warming rates during
the last millennium.
3.3 Modeled rates during the last millennium 5
Figure 3 shows a comparison of global temperature and its rates between obser-
vational, reconstructed, and modeled global temperature during the last millennium.
Generally, modeled temperature shows somewhat underestimates comparing to re-
constructed temperature (Fig. 3a). However, modeled and reconstructed temperature
time series match well (Fig. 3e) as the 50–80-yr oscillation is removed. It might suggest 10
that the model overestimate the amplitude of the low frequency oscillation.
The amplitude of rates in simulations driven by solar forcing and GHG forcing is
smaller than observational and reconstructed rates on three time scales. Comparable
rates to observed one can be found in simulations driven by volcanic forcing and full
forcing. Most of major cooling intervals in reconstructed global temperature also have 15
their hints in these two simulations. It is evident that these intervals with large rates
are caused by large volcanic eruptions. If the 50–80-yr oscillation is not removed, the
rates over the last 50 yr are the highest in simulations driven by full forcing and GHG
forcing on 30-yr and 50-yr scales (Fig. 3b–d). However, if the 50–80-yr oscillation is
removed (Fig. 3f–h), this rate peak of the last 50 yr only exhibits on 30-yr scale, and the 20
most persistent and highest rates occur in mid-late 20th century on 50-yr scale. And
most of major warming intervals in reconstructed global temperature time series are
associated with those with high solar forcing in simulations. However, the simulation
driven with solar forcing only can not reproduce persistent warming rate in the 20th
century. Amplitude of rates in simulation driven with GHG forcing is still smaller than 25
reconstructed global temperature, but close to observational rates. Furthermore, only
simulations driven with GHG forcing and full forcing can reproduce persistent warming
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rate in the 20th century, indicating that the 20th century high warming rates could be
due, in part, to the increase of GHG.
4 Discussion and conclusions
Rate of global temperature change deﬁned here is a time-scale-dependent quantity.
The rate decreases as the time scale increases, as shown by our results. That the 5
rate of warming averaged over the last 50 yr is nearly twice that for the last 100 yr
in IPCC report (Solomon et al., 2007) just means the diﬀerence in the scale (twice)
used to calculate the rate of warming not the rate itself. If the same scale is used, no
signiﬁcant diﬀerence exists in the rates of warming for the ﬁrst and second 50 yr of the
20th century. For example, the rates for the ﬁrst and late 20th century are 0.08 and 10
0.085
◦C per decade on the 50-yr scale. On the other hand, the amplitude of the rates
depends on how large the temperature changes on a certain scale not how much the
temperature itself is. Large rates occur in both cold and warm periods. For example,
high warming rates exist in the cold period of 17th–18th centuries and warm period of
20th century on any scales. However, signiﬁcant diﬀerence in the phases of the rate 15
exists in diﬀerent periods. The last 50 yr experiences the most persistent warming if
the eﬀect of the low frequency variability of SST on the temperature is not considered.
However, the phase of rates is quite diﬀerent if the eﬀect of the low frequency variability
of SST on the temperature is removed from the temperature time series. The rates of
the last 50 yr are not highest and persistent during the last millennium. It is evident that 20
the extreme temperature records during the last 50 yr stand out in the observational
times mainly because the general global warming trend coincides with the warming
phase of 50–80-yr oscillation, as suggested by previous study (Wu et al., 2007).
Our results indicate that the low frequency variability of SST aﬀect both the amplitude
and phase of rates. Signiﬁcant diﬀerence exists in temporal evolutions of rates as this 25
low frequency variability is kept in or removed from temperature time series. Rates
from original temperature time series show that the warming rates of the last 50 yr are
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unusual during the past millennium in aspect of both amplitude and phase of rates,
especially on longer than 30-yr time scales. The warming rates of the last 50 yr are not
unprecedented in the amplitude on three times scales during the past millennium, if
the eﬀect of low frequency oscillation in SST is removed from temperature time series.
However, the 20th century experiences the most persistent warming rates on three 5
time scales no matter whether the low frequency oscillation in SST is removed or not.
Our analyses on the modeled temperature show that the amplitude of rates in simu-
lations driven with solar forcing is smaller than observed one. Major cooling rates are
mainly associated with volcanic forcing. And simulations driven with GHG forcing and
full forcing can reproduce persistent high warming rates in the 20th century. 10
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                                           Fig. 1  Fig. 1. (a) Annual global surface air temperature anomalies from 1961–1990 mean maintaining
and excluding the 50–80-yr oscillation in 1880–2009; (b–d) their rates on 20-yr, 30-yr, and 50-yr
time scales. Rates’ 95% conﬁdence intervals (bar) are also shown.
2352CPD
7, 2341–2354, 2011
Rates of global
temperature change
C. Shen et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
 
 
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
T
e
m
p
e
r
a
t
u
r
e
 
A
n
o
m
a
l
y
 
f
r
o
m
 
1
9
6
1
-
1
9
9
0
Observational
Reconstructed
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
 
R
a
t
e
 
(
o
C
/
d
e
c
a
d
e
)
b
20-yr Sliding Window
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
 
R
a
t
e
 
(
o
C
/
d
e
c
a
d
e
)
c
30-yr Sliding Window
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Year (AD)
-0.2
-0.1
0
0.1
0.2
 
R
a
t
e
 
(
o
C
/
d
e
c
a
d
e
)
d
50-yr Sliding Window
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
T
e
m
p
e
r
a
t
u
r
e
 
A
n
o
m
a
l
y
 
f
r
o
m
 
1
9
6
1
-
1
9
9
0
e
Observational
Reconstructed
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
 
R
a
t
e
 
(
o
C
/
d
e
c
a
d
e
)
f
20-yr Sliding Window
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
 
R
a
t
e
 
(
o
C
/
d
e
c
a
d
e
)
g
30-yr Sliding Window
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Year (AD)
-0.2
-0.1
0
0.1
0.2
 
R
a
t
e
 
(
o
C
/
d
e
c
a
d
e
)
h
50-yr Sliding Window
a
 
Fig. 2  Fig. 2. Reconstructed global surface air temperature anomalies from 1961–1990 mean main-
taining and excluding the 50–80-yr oscillations during the last millennium (a, e), and their rates
on 20-yr (b, f), 30-yr (c, g), and 50-yr time scales (d, h). Rates’ 95% conﬁdence intervals (gray
shadow) are also shown.
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Fig. 3  Fig. 3. A comparison of change rates between observational, reconstructed, and modeled
global temperature; (a–d), temperature maintaining the 50–80-yr oscillation and their rates on
20-yr, 30-yr, and 50-yr time scales; (e–h), temperature excluding the 50–80-yr oscillation and
their rates on 20-yr, 30-yr, and 50-yr time scales.
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